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Abstract 
 
Rwanda, also called “the land of a thousand hills” is densely populated and 
90% of the population lives on subsistence farming. A combination of a hilly 
landscape, extensive land use, overgrazing and intensive rainy seasons makes 
the erosion problem very complex and extensive in Rwanda (Clay, 1990). 
 
The aim of this project was to evaluate the use of two methods for erosion 
studies in Rwanda: the Caesium method (Walling and Quine, 1992, Kulander 
and Strömquist, 1989, Bengtsson Sjörs, 2001) and supervised classification 
(Lillesand, Kiefer, Chipman, 2004) of satellite images made from Landsat 5 
and 7 data.  
 
The Caesium content in the soil samples was analysed twice, once with a 
Germanium detector and once with an Iodine detector. There were big 
differences between the two results. The discussion and conclusion are based 
on the result from the Germanium detector.  
 
The expected erosion pattern with heavy erosion on the steep hillsides and an 
accumulation in the bottom could not be seen. Instead, no significant Caesium 
content was found either in the profile or on the reference sites. Possible 
explanations could be that the soil has been moved and mixed to a greater 
extend than expected or that all soil has eroded from the hill and the reference 
site.   
 
Supervised classification based on Landsat 6 and 7 images was also an 
unsuitable evaluation method. As a result of cultivation, there are great 
variations in land use even on a very small scale, which complicates the work 
to map erosion on a landscape scale. Due to local conditions in Rwanda, a 
simple inclination map is currently the best alternative to overview the erosion 
problem.  
 
Evaluating the differences between the two methods to analyse Caesium 
content in soil would be an interesting topic for further studies. More 
excessive erosion studies using The Universal Soil Loss Equation or the Soil 
Loss Estimations in Southern Africa (SLEMSA) might be necessary to further 
understanderosion in Rwanda. 
 
 
 
Keywords: Rwanda, erosion, the Caesium method, remote sensing
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1 Introduction 
 
This Minor Field Study is a “Project work in Environmental and Aquatic 
Engineering”. Research was carried out in Rwanda together with Vi-LIFE 
(Livelihood Improvement through Farmers’ Empowerment), a non-
governmental organisation, partly funded by Sida (Swedish International 
Development Cooperation Agency). Vi-LIFE is a partnership between SCC 
(the Swedish Co-operative Centre) and Vi-AFP (Vi Agroforestry Programme). 
 
1.1 Aim  
The main objective of this project was to evaluate two methods for erosion 
studies, the Caesium method (Walling and Quine, 1992, Kulander and 
Strömquist, 1989, Bengtsson Sjörs, 2001) and supervised classification of 
satellite images (Lillesand et al., 2004). The Caesium method was used for a 
site-specific estimation of soil erosion. In this method, fallout Caesium is used 
as a tracer, to track and quantify soil transport of typical farmed hillsides. 
Satellite images made from Landsat 5 and 7 data were used for the supervised 
digital classification. By detecting bare land on the satellite images, areas at 
high risk of erosion could be mapped.  
 
If the methods should prove to be useful a deeper understanding of the 
erosion problem in the Northern Province of Rwanda, where Vi-LIFE works 
(figure 1) could be achieved. Information about areas at high risk of erosion 
would also help Vi-LIFE in prioritising future agroforestry projects. 
 
Calculations of annual erosion in Rwanda exist, but these are very general. A 
site-specific estimation of the annual erosion in the Northern Province would 
be useful for Vi-LIFE in their activities. 
 
A secondary aim was to map the agroforestry activities implemented by Vi-
LIFE. 
 

 
Figure 1. Map of Rwanda with the Northern Province (blue). 

5 
 



1.2 Description of the area 
Rwanda is a small country, 26,340 km2, situated just north of the equator in 
East-Central Africa. The country is densely populated, 9.0 million inhabitants 
in 2005 and this number increases rapidly (Aquastat, 2008). The arable land, 
which covers half of the land area, is under continual pressure as a result of 
deforestation, overgrazing, soil exhaustion and soil erosion (Vi-LIFE 
Programme, 2005). 57 % of the people in Rwanda live in poverty (Drakenberg 
and Kabenga, 2007) and the country is ranked 161st of 177 in the Human 
Development ranking (United Nations Development Programme, 2005). 
Since as much as two thirds of the population practice subsistence farming, 
arable land degradation is leading to increased poverty and malnutrition. 10-
12 % of the population suffers from food insecurity every year (World Food 
Programme, 2008).  
 

1.2.1 Climate 
Uplands and hills dominate the landscape and, because of the high altitude, 
the climate in Rwanda is temperate. The average temperature is 19 °C, 
although it varies between 15 and 29 °C in accordance to great changes in 
altitude (Ministry of Agriculture and Animal Resources, 2006). The long-term 
average annual precipitation in Rwanda is just over 1200 mm per year 
(Aquastat, 2008). 
 
Rwanda has two rainy seasons: one long, from February to May, and one 
short, from September to November. The rainy seasons are not reliable 
however, and rain might fall at any time of year. Rainfall intensity also varies 
considerably as both short and intense rain showers, as well entire days of rain 
occur. Figure 2 shows data of the monthly precipitation near Kigali. 
 

 
Figure 2. Monthly accumulated rainfall in mm, year 2007 near Kigali (2o  S and 30o E) (NASA, 2009).  
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1.2.2 Topography and soil 
Rwanda is situated on a plateau and the whole country, with the exception of  
the Eastern part, is characterised by a mountainous landscape. In the 
Northern Province, the altitude varies between about 1500 and 2500 m above 
sea level. 
 
Soils in Rwanda generally have a high clay content, with 20  or even 35% clay 
not uncommon (Moeyersons, 1981). Geological maps of Rwanda show that the 
bedrock in the study area consists of shale and quartz. Alluvial wetlands 
characterise the valleys (Lavreau et al., 1981 and Ziserman et al., 1982). The 
soils vary within the Northern Province. In the north-west, the soil is volcanic 
and fertile, whereas the soil in Bushoki sector, where the site specific erosion 
study took place, consisted of Ferrisols and Ferralsols (FAO classification) 
(Personal communication Nuwagaba, 2008). Those soils are not very fertile 
and the organic layer is often thin or even neglected.  
 

1.2.3 History of land use 
The first people to settle in the area, which is now called Rwanda, were the 
Twa. They lived as foragers in the tropical rain forest that covered the land. It 
is not known when they came to Rwanda but they were known to the ancient 
Egyptians, 5000 year ago, and it is considered that they have lived in the area 
around Rwanda for thousands of years. The first settlers that entered Rwanda 
were the Hutu. They cleared land and lived there as farmers. The next ethnical 
group that immigrated was the Tutsi and they came in the 1300th century. The 
Tutsi were cattle keepers (The Diagram Group, 2000). 
 
As long as there was plenty of land, the Twa and the Hutus and Tutsis had a 
relationship based on trading. The Twa provided the Hutus and Tutsis with 
products from the forest and received products from farming and cattle in 
return. As the population grew, the rain forest was cleared to provide more 
land for farming. By the late 1900th century, the Twa people lived under threat 
because the rain forests were nearly all gone (The Diagram Group, 2000). 
 
In 1916, the country was colonised by Belgium. The population at that time is 
estimated to have been around 2 million (Martin, 1987). The population was 
stable until the 1950s when it started to increase rapidly. By 1975, Rwanda’s 
population was over 4 million and today it exceeds 9 million (Aquastat, 2008). 
 
The drastic population increase led to a higher demand for both food and cash 
crops and more land was prepared for cultivation. The arable land increased 
from 521,000 ha in 1961 to 750,000 ha in 1983 (Von Braun et al., 1991). 
Concurrently, increased intensity led to a decline in land productivity. Earlier, 
farmers had always had the possibility to clear new land and let the old land 
rest. But with the increasing population, unused land has became scarce. 
 
In Bushoki sector, Northern Province, 68% of the land is cultivated and no 
large-scale grazing occurs. Coffee, grown on the upper parts of the hills, is the 
major cash crop. The major food crop is Irish potato although there is a great 
variety in food crops, including sorghum, beans, cassava and bananas. Most of 
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the forest is eucalyptus plantation, covering approximately 20% of the area. 
Indigenous forest hardly exists. 
 
 
1.3 Erosion in Rwanda 
The many steep slopes, extensive land use, overgrazing and intensive rain 
seasons in Rwanda make the erosion problem very complex and extensive 
(Clay, 1990). 
 
The Rwandan government has estimated an annual loss of 14 million tonnes 
of soil (Ministry of Agriculture and Animal Resources, 2006). This equals an 
average of 5.3 t/ha/year. Drakenberg and Kabenga (2007) on the other hand 
suggest that the average annual loss of soil in Rwanda is at least 10 t/ha/year. 
On slopes of 23-55%, erosion is known to vary between 0 and 700 t/ha/year in 
Rwanda and Burundi (Roose and Ndayixigiye, 1997). 
 
Three different kinds of erosion can be distinguished: sheet, rill and gully 
erosion. Rain intensity, soil characteristic, land use and slope are important 
factors when it comes to understanding the mechanism behind erosion. In 
Rwanda, sheet and rill erosion are considered the most common types on 
cultivated hillsides (figure 3). 
 
 

 
Figure 3. Cultivation in Rwanda often occurs despite steep slopes. 
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1.3.1 Erosion control  
In the past, when Rwanda was not as heavy populated as it is today, people 
had the possibility to clear more land as the cultivated land eroded away 
(Roose and Ndayizigiye, 1997). As the population grew and erosion became a 
major problem, the colonial administration implemented an erosion control 
program. The program, consisting primarily of ditches, was expensive  and 
required a lot of maintenance. The farmers responsible for implementation 
did not themselves enjoy any economic gains and therefore the program was 
never accepted. Nonetheless, the effects of erosion and soil degradation 
worsened following independence in 1962, when the erosion control program 
was abandoned entirely. 
 
Today, the government has recognised that controlling soil erosion is 
paramount to poverty reduction (Ministry of Agriculture and Animal 
Recourses, 2006) since the decline in the soil fertility has led to food security 
problems in Rwanda. In “Vision 2020”, a national document stating the key 
priorities for the development in Rwanda, it is written that 100 % of the land 
should be protected against erosion come 2020. The baseline to such an 
improvement is from 2000, when 20 % of the land was protected (The 
Government of Rwanda, 2007). Government documents that detail their work 
to reach this goal, have not been easy to find. According to Nuwagaba (2008), 
agronomist and zone coordinator at Vi-LIFE, the Government has for several 
decades had soil protection programmes where they concentrate on digging 
ditches and planting hedgerows. The government also promotes farmers to 
build terraces. 
 
Vi-LIFE works with agroforestry in many different forms, mainly through 
education programs, but they also provide farmers with tools, seeds and 
seedlings. 
One can distinguish 6 methods used by Vi-LIFE to control erosion: radical 
terraces, mulching, ditches, tree planting, crop selection and crop 
management. Farmers working with Vi-LIFE often use a combination of the 
methods mentioned above (figure 4). 
 

 
Figure 4. Radical terraces in Northern Province, Rwanda. 
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2 Caesium analysis 
 
The Caesium method has been widely used and proven to be reliable in 
different parts of the world (Walling and Quine, 1992; Kulander, 1989; 
Bengtsson Sjörs, 2001; Hasholt, 1992). The technique is based on 
measurements of Caesium fallout (Cs-137) from nuclear weapon tests. 
Following nuclear weapon tests, a layer of Caesium spread over the world via 
the stratosphere before precipitating somewhat evenly over the ground 
(Walling and Quine, 1992; Kulander and Strömquist 1989). 
 
The method assumes even regional fallout and is, in essence, a comparison of 
the amount of Caesium in soil layers. Using a reference area where no erosion 
has occurred, the history of soil transport can be studied. Low Caesium 
content is to be expected in areas with steep slopes as opposed to an 
accumulation of Caesium in plateaus and valleys. 
 
Roose and Ndayizigiye (1997) write that the erosion risk in steep slopes, 
23-55 %, with traditional crops (cassava, sweet potatoes, maize, beans, peas 
and sorghum) in Rwanda and Burundi is between 20 and 150 t/ha/year. 
If the land is as badly eroded as mentioned above, it might be hard to measure 
the full extent of erosion using the Caesium method.  
 
2.1 Theory behind the Caesium method  
There are some discussions about when the Caesium fallout occured. 
According to Hashold (1992) the fallout was concentrated in the late 1950s 
and early 1960s. Walling and Quine (1992) on the other hand argue that it was 
from 1950 to 1970. Bengtsson Sjörs (2001) writes that fallout peaks occurred 
in 1958/1959 and 1962-1964. Since Caesium reached the stratosphere before 
its fallout in Rwanda, local variations in Caesium content can be neglected 
(Walling and Quine, 1992).  
 
When Caesium falls onto the ground with precipitation, it is absorbed by clay 
particles, where it bonds tightly (Walling and Quine, 1992). This makes it 
possible to neglect horizontal transport and uptake by vegetation. Human 
activities though, such as tilling or anything that results in movements of soil, 
are important to take into account. In areas like Bushoki, where farmers use 
hoes to hack the soil, soil mixing can be considered to occur in the top 15 cm. 
 
2.2 Methods  
In this study we tested the Caesium method as a measure of soil erosion in 
Rwanda. The Caesium study was performed on one hillside, along which soil 
samples were taken. Three reference sites in the surrounding area were used 
to determine background Caesium levels. In order to interpret the results, the 
slope of the profile was also determined.  

2.2.1 Site selection 
Study visits were made to districts in the Northern Province to identify a 
suitable study site in which three criteria could be fulfilled: 
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1) Soil transport could be assumed to be relatively undisturbed by humans. 
Cultivation has taken place everywhere and is not considered to be a problem. 
Roads, villages, terraces or other erosion control constructions though would 
not be suitable to have on the hillside. 
 
2) The hill was not to steep and the valley bottom had a low gradient. Because 
of apprehensions that the steepest hills might be so heavy eroded that all the 
soil containing Caesium would have been washed away, the steepest slopes 
were not considered ideal for the study. An accumulation of Caesium in the 
valley bottom was also important to quantify erosion, thus a low gradient in 
the valley bottom.   
 
3) It was possibly to find a nearby reference site. The control site is essential 
for the method to work. 
 
Bushoki sector in Rulindo district was chosen. This was mainly because the 
hills were less steep compared to many of the other places where Vi-LIFE 
works and as yet very few radical terraces had been built there. This made it 
easier to find a hill suitable for taking soil samples for Caesium analyses. 
 
 
The actual profile where the Caesium measurements were carried out 
(figure 5) was across the border from Bushoki to the neighbouring sector, 
Mbogo. Because of difficulties to find a reliable reference area, soil from three 
different reference areas was analysed. 
 
Two of the reference sites were within Bushoki sector and since land use, and 
topography of the profile were representative for Bushoki sector, one could 
consider the results from the Caesium analysis to be applicable for Bushoki 
sector. 
 
Typically, slopes in Bushoki sector are about one km, bottom to top. Due to 
uncertainty about transport pattern, no hillside of such length was suitable for 
Caesium analysis. A convex interfleuve of the slope was chosen. This hill had 
no road interrupting the soil material transport and the valley was considered 
wide enough to study deposition. 5 sample sites along the slope have been 
analysed.  
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Figure 5. a) The hill were the sampling took place.         b) The surrounding area. 

 
An approximate location of the profile and sample sites were determined by 
looking at the hillside from a distance. The sampling site in the middle of the 
slope became the start point for the profile. The final profile was made by 
walking up and down the hill. When there was a clear change in inclination 
(a break point) a point was defined with a GPS (Global Positioning System). 
The inclinations between the GPS points were measured with a compass with 
clinometer. To verify the profile made by the clinometer the altitudes in the 
break points were also noted with the GPS and an alternative profile was 
calculated based only on the GPS points.  
 
The inclination was determined in degrees but converted into percents where 
1% equals 1 metre rise in every hundred metre of horizontal distance. Some 
readers might be more used to referring to inclination in degrees or tan(β). 
100 % slope equals 45 degrees or tan(β)=1.  
 
In addition to inclination, vegetation/land-use was recorded and a simple 
ground cover estimation was made in each section of the profile. The ground 
cover estimation was made by determining the percentage of ground cover on 
a scale from 1 to 5 where 1 equals 0-20% and 5 equals 80-100%. 
 
At the sample sites, in addition to the other observations, soil colour and soil 
texture were determined. To determine soil colour a Munsell Soil Charts was 
used (figure 6). A version of the “Ribbon test” was used to classify soil texture. 
Moist soil was rolled as thin as possible and instead of measuring the length, 
as in the ribbon test, the diameter was used (Naturvårdsverket, 2007).   
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2.2.2 Soil sampling 
To ensure capturing all Caesium in the soil profile, a 32 cm long soil sampler 
with a diameter of 2.15 cm was used. The soil core was split into two parts: the 
top 16 cm and the bottom, being soil below 16 cm. Top and bottom were 
analysed separately in order to enable detection of low concentrations in the 
top layer. 
 
In order to take natural variation into account, soil samples were taken 
according to the method used by Jansson (2001). The soil from five cores, 
taken along the perifery of a circle with a diameter of 5 m was mixed. Three 
replicates (A, B and C), approximately 15 m apart were analysed separately. At 
sample site 1C two extra samples were taken, one at the bottom of a 40 cm 
deep ditch and the other at a depth of 32-64 cm. 
 
The wet bulk density was determined from weighing the sample and 
calculating its volume. The samples were then sun dried so that dry density 
could be determined. Thereafter, the soil from top and bottom of each 
sampling site was grained and sieved. Particles larger than 2 mm were 
removed and weighed separately. The remaining soil was mixed carefully and 
a 20 ml sub-sample was taken, weighed and analysed.  
 
The Caesium content was determined using a Intertechnique Model 4000 
Gamma Counting System, equipped with a Sodium Iodine detector at the 
Evolutionary Biology Centre (EBC) of Uppsala University. 
 
After the soil analysis at EBC, the reliability of the results was questioned and 
another machine was tried for an extra analysis of the Caesium content to 
confirm results. The second machine used was a Germanium detector housed 
in the Department of Soil Science of the Swedish University of Agricultural 
Science. This analysis required more soil and therefore replicates A, B and C 
for each sampling site were combined. 
 

 
Figure 6. Soil sampler and Munsell´s Soil Charts. 
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2.2.3 Erosion calculations 
Before the results from the Iodine detector could be compared with results 
from the Germanium detector, a blank sample had to be removed and 
adjustments for the efficiency made. 
 
The Caesium content per kg soil, Cw was calculated using corrected mass, mc 
according to equation 1 and 2. Stones are assumed to be Caesium free and 
since all stones bigger than 2 mm had been removed from the analysed soil, 
the mass was corrected before calculating Caesium content per kg soil.  
 
 

         (1) 

 

         (2) 

 
S= radioactivity in soil sample (Bq)   
m= mass of soil sample (kg) 
mc= corrected mass of soil sample (kg) 
f= fraction of stones 
 
Fel! Bokmärket är inte definierat.Equation 3 shows how the total Caesium 
content per square meter was calculated. 
 
 

        (3) 
        
CA = Total Caesium content per square meter (Bq/m2) 
d =- bulk density (kg/m3) 
D= depth of soil sample (m) 
 
The depth of soil sample, D, must be at least as deep as the depth of Caesium 
contaminated soil for this equation to be valid. 
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2.3 Results 

2.3.1 Description of sampling sites 
Table 1 shows a summary of characteristics on each sample site. For more 
detailed description of the sites, see Appendix A.  

 
Table 1. Information about sample sites. 

Site Inclination 
(%) 

Grain 
size 

Estimated 
ground cover 

(%) 

Fraction of 
stones 

Dominant 
vegetation 

Ref 1 2 Loamy 
Silt 

Heavy 
clay 

80-100 0.29 Grasses 

Ref 2 0 Silt 80-100 0.40 Grasses 
Ref 3 4 Heavy 

clay 
80-100 0.02 Grasses 

      
P1 A 29  

 C 11 
Loamy 

clay 
40-60 0.04 Sweet potato/ 

sorghum 
P2 89 Loamy 

silt 
60-80 0.03 Grasses 

P3 64 Fine sand 40-60 0.12 Grasses/Eucal
yptus 

P4 16 Loamy 
clay 

80-100 0.36 Beans /herbs 

P5 A 9 
 C 20 

Loamy 
clay 

A 20-40 
B/C 40-60 

0.16 
 

Beans/ 
grasses/ 
banana 

 
Figure 7 shows the profile of the hill. The profile using the GPS points and the 
clinometer were similar. Only the profile measured with the clinometer is 
presented here. Different types of cultivation cover most of the slope except 
where a house intercepted the profile downhill from P3and at a very steep part 
downhill from P2. At these areas, eucalyptus plantation dominated. More 
details about the land use along the profile are shown in Figure A1 in 
Appendix A.  
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Figure 7. Profile, measured with a compass clinometer. Slope is presented in percent. 

2.3.2 Density 
Because of technical difficulties in sampling, the densities of the upper parts of 
the soil cores (top samples) were generally underestimated because of 
compression when sampling. A decision to do some corrections and to use 
average values for Caesium calculations was made. Table 2 shows how the dry 
densities for calculations were determined. In figure 8, the sample dry 
densities are presented. 
 
Table 2. Description of how the dry densities used for calculations were determined. Top and bottom refers 

to upper and lower parts of the core respectively (see 2.2.2). 

 Top (average values of 
samples from ) 

Bottom (average values of 
bottom samples from) 

Ref 1 top ABC ABC 
Ref 2 top and bottom AC AC 
Ref 3 top and bottom ABC ABC 
P1 top ABC ABC 
P2 top and bottom ABC ABC 
P3 top and bottom AB AC 
P4 top and bottom ABC ABC 
P5 top ABC ABC 
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Figure 8. Dry bulk densities of single samples (small symbols) and the dry  

densities used for calculations (big symbols). 

2.3.3 Caesium content 

Figure 9 and 10 show Caesium in Bq/kg soil and Bq/m2/layer from analysis 
with the Iodine detector. The calculations are further presented in Appendix 
C. 

 
Figure 9. Caesium content in Bq/kg analysed using the Iodine detector.  



 

 
Figure 10. Caesium content in Bq/m2/layer analysed using the Iodine detector. 

All top samples and half of the bottom samples were analysed in the 
Germanium detector. Table 3 shows the samples that were analysed. 
 

Table 3 Samples analysed in the Germanium detector. 

Ref 1ABC top Ref 1ABC bottom 
Ref 2ABC top - 
Ref 3ABC top Ref 3 ABC bottom 
P1 ABC top P1 ABC bottom 
P2 ABC top - 
P3 ABC top P3 ABC bottom 
P4 ABC top - 
P5 ABC top - 
 P1 Ditch 
 P1 32-64 cm 

 
 
The analysis with the Germanium detector showed quite different results. No 
Caesium could be detected in a majority of the samples. Table 4 shows the five 
samples where Caesium was detected, of those, only sample P3 top is 
considered to be clearly above the detection limit. 
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Table 4. Caesium content determined using the Germanium detector. 

Sample Bq/kg Relative error % 
P1 ABC bottom 1.14 56 
P3 ABC top 3.32 17.1 
P4 ABC top 0.75 118 
P5 ABC top 1,24 43.5 
 
 
 
2.4 Discussion 
The outcomes of the two different analyses methods were completely 
different, with the Iodine detector showing much higher Caesium content than 
the Germanium detector. Compared with other projects (Walling and Quine, 
1992) the Iodine detector indicated about 10 times more Caesium than 
expected. The Iodine detector is not generally accepted as a reliable method to 
analyse such low Caesium levels and after discussion with professor D. 
Walling (2008) it was decided that theories about soil transport should not be 
based on these results. The following discussion is instead based on the results 
from analysis using the Germanium detector since such instruments have 
been used in similar research before and are generally considered trustworthy. 
That analysis indicated low, or non-existing Caesium content and the lack of 
Caesium will be further discussed. 
 
Cs-137 has a half-life of thirty years. The fallouts occurred more than thirty 
years ago and therefore the amount of Caesium in the ground has decayed to 
less than half. One explanation to the little amount found in the analysis could 
be that the Caesium in the soil has decomposed to such small quantities that 
they are no longer detectable. The The Germanium detector had a detection 
limit of 1 Bq/kg. A previous study in Kenya performed in 2002 shows that low 
Caesium content can be expected. In that study, the Caesium content at the 
reference sites was 2-6 Bq/kg (Fernius, 2002). Low Caesium fallout together 
with radioactive decay could therefore be a realistic explanation for the 
absence of Caesium on the studied hillside in Rwanda. 
 
Another possible explanation for the lack of Caesium detected, is that all soil 
contaminated with Caesium has eroded from the hillside.  Something that 
questions this theory is that there was no Caesium found at any of the three 
reference sites. This means the soil must have eroded or been moved since the 
1960’s. Some doubts in the reliability of the first reference site led to sampling 
at three reference sites. Even if it is possible that some of the soil has been 
disturbed or moved, it is not very likely that all soil contaminated with 
Caesium, at all three reference sites, has eroded or been transported away. 
 
Let us say that all soil containing Caesium has eroded from the hillside. The 
question about where the soil accumulated is then justified. Analysis from the 
bottom of the slope does not show any signs of Caesium accumulation there. 
This could mean that the soil with high Caesium content has been covered 
with Caesium free soil. Since analyses were made to a depth of 32 cm (and at 

19 
 



one sample in the valley bottom to a depth of 64 cm) severe erosion must have 
taken place in order to burry the Caesium contaminated soil to such depth. 
Agricultural practices in the valley bottom can also have turned the soil to a 
much greater depth than expected.  
 
There are two alternative explanations for the lack of Caesium in the valley 
bottom that have to be considered. First, the soil at the bottom could have 
been hacked to such a depth that the Caesium contaminated topsoil is fully 
mixed and therefore the Caesium content is below detection limit. The second 
explanation, which cannot be excluded either, is that despite the low gradient, 
soil transport out of the valley has occurred during flooding. 
 

2.4.1 General use of the Caesium method in Rwanda 
When discussing the outcome of this study one has to keep in mind that only 
one hill was investigated. It is clear though that the Caesium method seems to 
have a number of major drawbacks when it comes to investigating soil erosion 
in Rwanda.  
 
One drawback of the method is that it is very difficult, if not impossible, to 
find a reference site that has not been eroded or disturbed in other ways since 
the 1960’s. In the Northern Province there are very few places where the land 
is flat and not occupied or “disturbed” by human activity.  
 
The genocide in 1994 that forced millions of people to flee was the 
culmination of a long period of instability in the country. Because of Rwanda’s 
history and mass movements by its people, there is a lack of information 
regarding land use as far back as the 1960’s. The uncertainty in the reliability 
of historical information makes both the performance of the Caesium method 
and the interpretations of the results more difficult. 
 
When discussing the general use of the Caesium method in Rwanda one has to 
keep in mind that only one hill was investigated in this study. 

20 
 



2.4.2 Sources of error 
Major source of error in the calculations of erosion per area include soil 
density measurements. To determine dry density, the dry mass and volume of 
both parts in each soil core was measured (see 2.2.2). When taking soil 
samples, the soil was often compressed leaving the uppermost portion empty. 
In dry soils, some of the top soil also fell out when pulling up the sampler. 
This led to difficulties in deciding how much of the volume loss was due to lost 
soil and how much was due to compression.  
 
The relative volume error in the top sample is estimated to be 13 %; whereas, 
the relative volume error in the bottom sample is estimated to be only 3%. The 
estimated relative error of the dry mass is less than 2 % (caused by 
inaccuracies of the scale and by mass losses in drying procedure). A relative 
density error in the top samples of 26 % would have a great effect on Caesium 
content. Judgements regarding the reliability of measurements were made 
shortly after sampling and it was decided that mean values were to be used in 
order to reduce the margin of error (se 2.3.2). The final density error is 
difficult to determine but should be less than 6 % for the bottom samples and 
less than 26 % for the top samples. 
  
Another source of error in soil sampling is a result of the fraction of stones. At 
some sites it was difficult to obtain a 32 cm core sample as stones were 
common in the soil profile and several attempts had to be made to obtain a 
decent sample. Soil samples from stony areas contained less stones than 
characteristic for the site. 
 
In the field, inclination was measured both using a GPS and an inclination 
compass. The GPS had a very low accuracy and was not used. The inclination 
compass was trustworthy but due to local variability, the inclination measured 
might vary with a few percent. 
 
Due to the differences in the results from the Iodine and the Germanium 
detectors, the reliability of the Caesium measurements remains uncertain. 
Since the results from the Iodine detector were not used, the errors from the 
analysis will not be presented here. The estimated relative errors in results 
from the Germanium detector are presented in table 4. The reason for the 
high percentage of error is the low Caesium content. 
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3 Remote sensing and GIS 
 
The objective in this part of the study was to evaluate the method of 
supervised classification on satellite images to detect areas in great risk of soil 
erosion. 
 
Early in the project, it was deemed that publically available satellite images 
(from Landsat 5 and 7) would not be suitable to provide trustworthy results 
for land cover and vulnerability to soil erosion would be difficult to determine. 
Two alternative ways to increase the understanding of erosion with remote 
sensing were then investigated. The first one, Normalized Difference 
Vegetation Index, NDVI, (Lillesand et al., 2004) is a method to classify 
vegetation cover based on satellite images.  The second was simply to produce 
a map of the slope and topography from a digital elevation model from Shuttle 
Radar Topography Mission (2006). 
 
 
3.1 Method 
Supervised classification is a method used in many different areas. One such 
area is cartography here it is used to make maps out of images. Areas with 
similar features are defined and marked in the image and then classified using 
software to create thematic maps.  
 
In this project, supervised classification was used to classify non-vegetated 
areas, more vulnerable to soil erosion. Extensive knowledge about the area 
was required. To get a better understanding about the erosion problem in the 
Northern Province, image processing, NDVI mappings and inclination maps 
were used.  
 

3.1.1 Satellite Images 
A satellite image is information about how much radiation the earth emits, 
gathered in a raster image. The image consists of different bands that each 
show a certain radiation wavelength.  
 
The Landsat program has collected data since 1973. The products used in this 
project were made using Landsat 5 and 7 data and were downloaded from 
Global Land Cover Facility (GLCF Earth Science Data Interface, 2004) and 
Landsat Image Gallery (Landsat, 2000). 
 
The area of interest for this project was covered by satellite images from two 
zones and both were used in this project. Table 5 shows information about the 
images. 
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Table 5. Information about the satellite images. 

 Image 
840620 

Image 870807 Image 990708 Image 011211 

Band 1, 2, 3, 4, 5, 
6, 7 

1, 2, 3, 4, 5, 6, 7 1, 2, 3, 4, 5, 61, 
62, 7, 8 

1, 2, 3, 4, 5, 61, 
62, 7, 8 

Time 1984-06-20 1987-08-07 1999-07-08  2001-12-11 
Time of day Ca 10:00 am Ca 10:00 am Ca 10:00 am Ca 10:00 am 
Platform Landsat5 Landsat5 Landsat7 Landsat7 
Sensor TM TM ETM+ ETM+ 
Path/Row 172 / 061 173 / 061 172 / 061 173 / 061 
UTM zone 36 35 36 35 
Georefererence WGS84 WGS84 WGS84 WGS84 
Pixel size 30 m 28,5 m 28,5 m 28,5 m 
Solar azimuth 51.22 61,32 49,07 130.302 
Solar elevation 48.32 49,96 52,05 55.071 

 

3.1.2 Image processing 
To facilitate and optimize the interpretation of the satellite images, different 
image processing techniques were used. 
 
 
Band combination 
All things emit radiation and depending on their temperature and structure, 
the wavelengths and intensities of these emissions differ. In remote sensing, 
only certain bands of radiation are registered. Landsat 5 registers 7 bands, 
while Landsat 7 registers 9. Table B1 in Appendix B shows information 
regarding these bands. 
 
By combining three bands at a time in false colour composites (red, green and 
blue), different phenomena can be emphasised. Bands 1, 2 and 3 cover the 
wave lengths blue, green and red and combining these makes an image 
showing the earth as we see it. Figure 11a shows a part of Rwanda as a 
true-colour composite. 
 
In this survey it was of interest to identify bare land, i.e. land without 
vegetation. A band combination shown to be useful in finding such areas is the 
band combination 4, 5 and 7. Figure 11b shows an image with that 
combination. Very light, cold turquoise is an indication of bare ground or 
exposed bedrock. 
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Figure 11. a) True colour composite of band 321. b) False colour composite of band 754. c) False colour 
composite of band 432. 

 
Another combination of bands that was useful was the combination of bands 
2, 3 and 4. When using these as a false colour composite, vegetation gets a 
strong red colour and is more easily spotted (Figure 11c). 
 
Band algebra 
Rwanda is called the “Country of a thousand hills” and, unfortunately, all 
these beautiful hills create shadows, which cause problems when interpreting 
satellite images.  
 
One way of getting around this problem is to use band division. In this 
method, each pixel value from one band is divided by the pixel value from 
another band, covering the exact same area. The product is an image showing 
the relative differences in radiance between areas. It will not be an image of 
the area as we see it, but the effects of shades will be diminished. 
 
One problem with using this method to avoid this problem is that radiance is 
by definition low in the shadows. Limited radiance results in reduced accuracy 
and thus the quota of the bands might depend more on the error than on the 
true difference. 
 
 

24 
 



Filtering 
One of the images used was partly covered by clouds. To reduce their impact 
in the results, they were removed from the map by using a filter.  
 
Clouds reflect a lot of the radiation from the blue spectrum, band 1. Hence, 
band 1 could be used to distinguish areas with clouds from areas without. A 
raster that covered the same area as the satellite images was given a value of 
one for areas that were covered by clouds and zero where there were no 
clouds. This raster was then multiplied with the other satellite images so that 
areas with cloud cover had 0 values and could be neglected. Figure 12 show a 
filter created by band 1. 
 

 
Figure 12. a) Band 1.              b) Cloud filter. 

 
3.1.3 Supervised classification 
The technique used for classifying the satellite images was supervised 
classification on band combination 754. Areas were classified as either 
cultivated land, forest, bare soil/infrastructure and bush. The program used, 
calculates the statistics for the radiation for manually classified areas (training 
areas). The rest of the image can then automatically be classified. Bare areas 
are associated with high risk for erosion but there are strong relationships 
between land use and erosion, which is why conclusions must be drawn from 
other areas as well. 
 
It is very important that the training areas are correctly classified and 
therefore all the products from the image processing techniques described 
above were used. Because of our limited experience in satellite image 
interpretation an extensive calibration of the classification was considered 
necessary. With the help from a GPS, several site-specific observations of the 
areas were planned in field to compare the results from the classification. 
Unfortunately the classification was found to be unrealistic which will be 
further discussed in the Results and Discussion (see 3.2).  
 

3.1.4 Normalized Difference Vegetation Index 
Vegetation absorbs light quite differently from many other phenomena on 
earth. During the photosynthesis, vegetation absorbs light in the red spectrum 
to get energy but reflects light from the near infrared spectrum (NIR) 
(Lillesand, 2004). A wellknown way of detecting the amount and “health” of 
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the vegetation is to calculate the Normalized Difference Vegetation Index. It is 
calculated according to equation 4: 
 

NIR REDNDVI
NIR RED

−
=

+
          (4) 

 
The value of the NDVI varies between –1 and +1. Negative values and zero 
represent no vegetation, while values close to +1 indicate very dense, healthy 
vegetation. 
 
Band 3 and 4 from Landsat covered the spectrum red and near infrared and 
were used to calculate NDVI. 
 

3.1.5 Land slope 
Digital elevation models (DEMs) from Shuttle Radar Topography Mission 
(2006) with a resolution of 90 x 90 m were downloaded and processed in 
ArcGIS. The data were used to draw contour lines and calculate the 
inclination, which was presented in %. 
 

3.1.6 Vi-LIFE’s agroforestry activity 
Vi-LIFE recently introduced GIS in their evaluation work. The organisation 
sees many advantages in using GIS in their activity and therefore staff training 
is prioritised. Mapping their agroforestry activities was considered a good way 
to encourage and help staff in their work with GIS and made it easier for them 
to share the results from this MFS.   
 
Existing GIS data were used to create user friendly maps of Rwanda, showing 
contour lines of topography created from the DEMs (see 3.1.5). Some 
agroforestry activities initiated by Vi-LIFE were chosen to map. These features 
were radical and progressive terraces, tree nurseries and agroforestry trees 
implemented by the farmers that work with Vi-LIFE. Local farmers involved 
in Vi-LIFE’s work, guided to the different agroforestry activities. The GPS 
used for mapping was a GPSmap 60Cx from Garmin. Its horizontal accuracy 
varied between 2 and 10 m depending on satellite coverage but the accuracy of 
the points relative to each other was much higher. The accuracy of the altitude 
differed depending on satellite coverage but was approximately ± 30 m. 
 
 
3.2 Results and discussion 
 

3.2.1 Classification 
Many things were discovered in the evaluation process of methods to 
investigate soil erosion. Satellite images from Landsat 5 and 7 were not 
suitable for classifying soil transport and erosion in the Northern Province. 
This was due to two major insufficiencies in the satellite images.  
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Firstly, Rwanda is a country full of small agricultural plots and houses are 
scattered around the countryside rather than concentrated to villages. The 
resolution of 30 m was not enough to detect and discern different areas and 
divide them into classes. Secondly, the images were considered too old since 
Rwanda is rapidly changeing. Since 1999 and 2001, many plots, houses, roads 
and even villages have changed in both appearance and location. These two 
facts combined created great problems in the field. It was not possible to 
discern areas with a typical feature and to define them in the images. Attempts 
to calibrate the classification model made it clear that the results were 
unreliable.   
 
A general problem with the interpretation of satellite images over Rwanda is 
the difference in the image created by the shadows from the hills. In 
classification, two equal areas would be classified differently because 
shadowed areas are much darker than the exposed ones. This was not a major 
problem and could be handled according to the methods described in section 
2.2. It was possible to classify the same area in shadowed and exposed parts.  
 
There are a few things to keep in mind regarding the supervised classification 
scheme. Permanent bare soil in Rwanda is uncommon. The majority of bare 
land spotted from satellite images would be cultivated land, left bare only for a 
limited period of time and coinciding with when the satellite data were 
registered. The amount of forest can also be misleading since forested land in 
Rwanda consists mainly of eucalyptus tree plantations where significant 
erosion takes place. 
 
Since the steep hillsides are considered to be a significant cause of erosion, 
topography and inclination maps should not be forgotten. Figure 13 shows one 
of the maps produced for inclination in the Northern Province of Rwanda. A 
good approximation of erosion would be classes based on a combination of the 
inclination map and the map produced with supervised classification. Ideally, 
not only forest and bare land would be used but also cultivated area. This 
would be hard though, since it is difficult to determine what kind of crop is 
cultivated and this changes continuously.  
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Figure 13. Map of the inclination in the Northern Province. 

 

3.2.2 Normalized Difference Vegetation Index, NDVI 
Before interpreting the results from the NDVI maps, certain things need to be 
emphasised. Firstly, the images used are not from the same time of the year. 
The first image (1984) is from the long rain season, while the next two images 
(1987 and 1999) are from the dry season and the most resent image (2001) is 
from the short rain season. Secondly, it is good to remember that the data 
which the images are built upon were registered at the same time of the day. 
 
Figures 14 to 17 show the NDVI from the four satellite images. High values, i.e. 
close to +1, indicate dense healthy vegetation. The closer the value is to zero, 
the less vegetation. Negative values are shown as white on the maps and 
indicate non-vegetated areas. 
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Figure 14. NDVI map of the Northern Province. Data are from Landsat 5 1984 06 20. 

 

 
Figure 15. NDVI map of the Northern Province. Data are from Landsat 5 1987 08 07. 
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Figure 16. NDVI map of the Northern Province. Data are from Landsat 7 1999 07 08. 

 

 
Figure 17. NDVI map of the Northern Province. Data are from Landsat 7 2001 12 11. 

 
The NDVI maps are difficult to interpret since they show the vegetation at 
different seasons and years. To facilitate interpretation, the proportion of the 
NDVI classes were calculated and compiled in four diagrams. 
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In Figure 18, it is possible to compare the NDVI maps from the same season. 
The pie charts from 1987 and 1999 were both from the dry season and there 
was more vegetation in the span 0,4-0,7 in the 1987 NDVI map. It is 
important to point out that the chart from 1987 is from early August, which is 
further into dry season. 
 
Regardless of season, there was more ”healthy” vegetation, within the span 
0,5 – 0,7, in the 1980’s than around 2000. 
 
It is also interesting to note that the chart from the short rain season, in 2001, 
shows the most area with sparse vegetation (0 – 0,2). 
 

Figur 18. NDVI values in percentage of its area. 

1984

0
0 -0,1
0,1 -0,2
0,2 - 0,3
0,3 - 0,4
0,4 - 0,5
0,5 - 0,6
0,6 - 0,7

1987

0
0 -0,1
0,1 -0,2
0,2 - 0,3
0,3 - 0,4
0,4 - 0,5
0,5 - 0,6
0,6 - 0,7

1999

0
0 -0,1
0,1 -0,2
0,2 - 0,3
0,3 - 0,4
0,4 - 0,5
0,5 - 0,6
0,6 - 0,7

2001

0
0 -0,1
0,1 -0,2
0,2 - 0,3
0,3 - 0,4
0,4 - 0,5
0,5 - 0,6
0,6 - 0,7

 
 
There seems to have been more vegetation in the1980’s although it is difficult 
to draw any further conclusions from these NDVI maps. The images are too 
few and more information about the annual variation in vegetation would be 
needed. 
 
 

3.2.3 Agroforestry activity 
This result can be seen as a way of encouraging the use of GIS and GPS 
technology at Vi-LIFE than a result of scientific interest. Figure 19 shows 
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agroforestry trees as well as radical and progressive terraces implemented by 
farmers working with Vi-LIFE in Bushoki sector.  
 
Sometimes it was hard to determine whether an agroforestry activity was 
implemented by farmers working with Vi-LIFE or not. Subjective field 
interpretation is therefore considerable during maping. 
 

 
Figure 19. Agroforestry activities in Bushoki sector implemented by farmers working with Vi-LIFE. 
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4 Recommendations for future studies  
 
There are many methods to investigate soil erosion, depending on the focus 
and scale of a survey, access to data and the time available. ´The methods 
available for use in this study were limited by data access and a maximum of 8 
weeks in the field. Since the methods proved not to be the most suitable for 
erosion surveys in Rwanda, some alternative methods that were not tested in 
this project will be discussed. 
 
Two of the most recognised models for estimating soil erosion are the 
Universal Soil-Loss Equation (USLE) and Soil Loss Estimations in Southern 
Africa (SLEMSA). These are widely used and tested methods. USLE and 
SLEMSA both require site-specific data and depend of the same factors: rain 
intensity, soil texture, vegetation, slope length and inclination of slope. How 
the parameters interact though differ. The equation also estimates erosion 
using different units (Hudson, 1984; Arinzechukwu, 1994).  
 
SLEMSA is generally considered more accurate in tropical environments 
(Stocking et.al., 1988). Even though the method was developed for the tropics, 
comparisons between the two methods do not always favour SLEMSA in the 
tropics (Igwe et al., 1997).  
 
Since similar data are required for the two methods, one recommendation 
would be to use both of them. As has been discussed earlier, there are no big 
homogeneous areas in Rwanda. One idea is to make an erosion map by 
dividing the landscape into sections according to elevation and slope. This is a 
realistic way to find homogeneous areas considering the factors that affect 
USLE and SLEMSA. More site-specific calculations of average erosion is also a 
reasonable alternatives, depending on the available data.  
 
If there is a shortage of existing data, remote sensing can be used to estimate 
for example soil, vegetation and topography. This technique has improved 
over the years and models for mapping different features around the world 
with remote sensing are continuously created (Jain et al., 2001). 
 
Remote sensing is not only a technique for determining land cover and 
topography but, as in this study, a method to estimate erosion risk. The 
Southern African system for classification of soil erosion is another method to 
classify soil erosion using remote sensing without the need for additional data. 
 
The Southern African system for classification was originally developed for air 
photos but has, to some extent, come to include satellite interpretation as well. 
In Rwanda, sheet erosion dominates. Together with wind erosion these are the 
two kinds of erosion that can be analysed using satellite images.  As suggested 
in section 3.2, it is difficult to use satellite images from Landsat 5 or 7 to 
analyse erosion in this area of Rwanda.  If air photos or newer satellite images, 
preferably images with higher resolution, were available, the Southern African 
system for classification could be a feasible alternative. 
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It is important not to underestimate very simple and easily executed methods. 
At the Institute for Agronomist Science in Rwanda, ISAR, a plank was used to 
gauge the erosion. This plank was dug down into ground. After some time, the 
soil from uphill had transported down and further transport was prevented by 
the plank.  It was possible to estimate an average estimation of the erosion by 
measuring how much soil that had been prevented from eroding down hill.  
 
A drawback with this method though, is that it takes a lot of time to observe 
and requires a slope where the only explanation for soil transport is erosion. 

 
 

5 Conclusions 
 
Soil erosion is a major problem in Rwanda and it is important that more 
efforts are taken to reduce the amount of soil that is transported away. Both 
the implementation of known methods and research are important for future 
erosion control.  
 
The Caesium method is not the best tool to use for soil erosion surveys in 
Rwanda. The major problem is that the soil contains very little Caesium. This 
could be due to the fact that it has been a long time since the fallouts from the 
nuclear bomb tests occurred and that much of the radioactive substances have 
since decomposed. Another possible explanation for the low Caesium content 
is that the hills are so badly eroded that the soil containing Caesium have 
eroded. 
 
It is recognized that the interpretation of satellite images is a powerful tool for 
erosion studies. Rwanda’s wide variation in land use though make supervised 
classification using satellite images from Landsat 5 or 7 difficult. Because of 
cultivation practises and the predominant eucalyptus plantations of Rwanda, 
there is no clear relation between bare ground and erosion. This is a problem 
both for NDVI and supervised classification and led to the fact that no reliable 
result in any of these two methods could be presented. 
 
An easy way to get an overview of the risk for erosion is to map inclination. 
Combined with other erosion survey methods, such a map is probably the best 
way to estimate erosion in Northern province of Rwanda. 
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Appendix 
 

A. Description of sample sites 
 
The profile faces northwest, is 350 m long and has an altitude difference of 170 m but 
does not go all the way to the top of the hill. Samples P1-P4 are part of the profile 
whereas P5 is situated above.  
 
Reference 1 
Reference site one is the reference site closest to the profile. It is 1 km northwest of 
the profile, situated on the top of a hill at an elevation of 1910 m. The sample site is in 
an adjacent smaller enclosed pasture which belongs to a church with a well-
documented history. The samples were taken on a distance of 10-25 m from buildings 
built in the early 1900. The information of undisturbed land can be questioned since 
plastic was found at a depth of 10-20 cm. An organic top layer was observed. 
 
Reference 2 
Reference site two is situated 5 km north – northeast of the profile, on the top of a 
ridge and at an altitude of 2148 m. The history of the area is not well documented, 
and local people had trouble determine the exact place for a house and stable, torn 
down 1994. The land has been used for cultivation; samples B and C were taken on 
cultivated land whereas sample A was taken on land in fallow with grass and herbs. 
The soil was dry and because difficulties with sampling, the density is not considered 
reliable. 
 
Reference 3 
Reference site three is about 15 km northeast of the profile. Apart from the distance it 
is the most reliable reference site. It is grassland, situated on the top of a ridge, 20 m 
from a dirt road. The government owns the land and there are no buildings adjacent 
to the sample site. 
 
P1 
Sample site one is at the accumulation zone at the bottom of the profile. The valley 
bottom is flat and considered to be a sediment trap since the creak at the very bottom 
has a low gradient. There is a deep soil layer and small (100-200m2) lots with varying 
crops. Small ditches, approximately 40 cm deep, surround the plots. When taking the 
soil samples, sample A and C were in fallow with scarce sweet potato among the weed 
whereas sample B was in a sorghum field. Cabbage and sweet potato were grown on 
the surrounding plots. The samples were taken along the profile instead of 
perpendicular as the other samples. Sample A was highest up and C closest to the 
valley bottom. At sample site C two extra samples were taken, one at the bottom of a 
0.4 m deep ditch and one on the field on the depth 0.32-0.64 m. 
 
P2 
Samples were taken on land in fallow with grass in tussocks. The soil layer was thin 
(approximately 32 cm). Cassava and bananas were grown in the surrounded area. 
 
 
 
 



P3 
This is the steepest sample site and the soil layer was thin. Vegetation was composed 
of eucalyptus trees with grass as field layer vegetation. Uphill from the sample site is 
a coffee and cassava plantation located. 
 
P4 
Sample site P4 is situated on the top part of the profile, which was less steep. 
Landscape had visible signs of erosion such as accumulation of soil upslope from 
permanent vegetation. The sample site was cultivated with beans and there was also a 
lot of weed. Dry and sandy soil made the density measurements inaccurate. 
 
P5 
Sample site P5 is situated above the actual profile. The landscape is similar to site P4 
with clear signs of erosion and almost terraced formation. Sample A was on a bean 
field, B in fallow and C on a field with mixed vegetation of beans, grass and banana.’ 
 
 
 
 

 

Ground Cover
0-20 % 1
20-40 % 2
40-60 % 3
60-80% 4

Figure A1. Profile with land use and land cover. 
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B. Band information 
 
 

Table B1 Information about spectral bands from Landsat 5 and 7. 

Band / Satellite Wave length Cover Sensor 
1  / 5 0,45 – 0,52 Blue TM 
2 / 5 0,52 – 0,60 Green TM 
3 / 5 0,63 – 0,69 Red TM 
4 / 5 0,76 – 0,90 / 0,50 –0,60 Near IR TM / MSS 
5 / 5 1,55 – 1,75 / 0,60 –0,70 Mid IR TM / MSS 
7 / 5 2,08 – 2,35 / 0,8 – 1,10 Mid IR TM / MSS 
1 / 7 0,45 – 0,52 Blue ETM+ 
2 / 7 0,52 – 0,60 Green ETM+ 
3 / 7 0,63 – 0,69 Red ETM+ 
4 / 7 0,76 – 0,90 Near IR ETM+ 
5 / 7 1,55 – 1,75 Mid IR ETM+ 
7 / 7 2,08 – 2,35 Mid IR ETM+ 
 
 



C. Results from Caesium analysis 
 
 

Table C1.Results from Caesium analysis EBC (top). 
  Density 

(dw)  
 
kg/dm3 

Weight 
of 
sample 
G 

Fraction 
of stones
 
% 

Stone 
corrected 
dw 
g 

 
Bq 

 
Bq/kg 
(dw) 

Depth 
 
 
m 

 
Bq/m2/part 

Ref1 A top  1.30  23.86  0.20  29.74  2.40  80.70  0.16  16,724.63 
Ref1 B top  1.30  25.48  0.60  64.02  2.66  41.59  0.16  8,618.49 
Ref1 C top  1.30  26.12  0.17  31.36  2.59  82.72  0.16  17,142.91 
Ref2 A top  1.08  24.49  0.57  56.98  3.32  58.19  0.16  10,059.88 
Ref2 B top  1.08  25.36  0.38  41.00  2.97  72.53  0.16  12,538.60 
Ref2 C top  1.08  24.95  0.20  31.15  2.99  96.05  0.16  16,604.35 
Ref3 A top  1.02  24.65  0.01  24.79  2.29  92.40  0.16  15,080.43 
Ref3 B top  1.02  23.90  0.02  24.33  2.02  83.16  0.16  13,571.56 
Ref3 C top  1.02  22.66  0.02  23.16  2.56  110.60  0.16  18,050.06 
P1 A top  0.99  29.38  0.07  31.56  2.25  71.24  0.16  11,254.93 
P1 B top  0.99  30.42  0.03  31.42  2.36  75.17  0.16  11,875.91 
P1 C top  0.99  27.84  0.04  28.92  2.39  82.61  0.16  13,050.56 
P2 A top  0.96  24.33  0.05  25.72  2.46  95.76  0.16  14,669.69 
P2 B top  0.96  26.32  0.03  27.27  2.59  94.82  0.16  14,525.53 
P2 C top  0.96  25.36  0.02  25.84  2.36  91.40  0.16  14,001.59 
P3 A top  0.57  20.08  0.01  20.38  2.03  99.80  0.16  9,027.10 
P3 B top  0.83  20.15  0.05  21.32  1.91  89.59  0.16  11,923.34 
P3 C top  0.83  20.10  0.24  26.41  1.75  66.38  0.16  8,833.54 
P4 A top  1.07  27.37  0.15  32.30  2.82  87.30  0.16  14,961.74 
P4 B top  1.07  26.95  0.43  47.35  2.95  62.31  0.16  10,679.67 
P4 C top  1.07  24.37  0.59  59.45  2.76  46.44  0.16  7,959.71 
P5 A top  1.28  29.55  0.06  31.56  2.94  93.28  0.16  19,091.67 
P5 B top  1.28  30.31  0.46  55.75  3.35  60.11  0.15  11,533.33 
P5 C top  1.28  27.90  0.13  31.92  2.85  89.21  0.16  18,259.20 

 



 
Table C2. Results from Caesium analysis at EBC (bottom). 

  Density 
(dw)  
 
kg/dm3 

Weight 
of 
sample 
G 

Fraction 
of stones
% 

Stone 
corrected 
dw 
g 

 
Bq 

 
Bq/kg 
(dw) 

Depth 
 
 
m 

 
Bq/m2/part 

Ref1 A bottom  1.67  28.26  0.24  37.17  3.16  85.08  0.13  18947.23 

Ref1 B bottom  1.67  29.36  0.31  42.52  3.91  92.02  0.15  22763.88 

Ref1 C bottom  1.67  28.19  0.22  35.97  3.07  85.25  0.14  19951.81 

Ref2 A bottom  1.06  24.96  0.55  55.79  3.59  64.40  0.14  9725.39 

Ref2 B bottom  1.06  25.73  0.45  46.92  3.29  70.19  0.15  11171.76 

Ref2 C bottom  1.06  26.38  0.23  34.24  3.29  96.00  0.16  15816.93 

Ref3 A bottom  1.24  23.64  0.01  23.78  2.07  87.19  0.16  17143.42 

Ref3 B bottom  1.24  24.18  0.03  25.02  2.21  88.16  0.15  15931.66 

Ref3 C bottom  1.24  23.52  0.01  23.85  2.39  100.17  0.15  19172.45 

P1 A bottom  1.58  29.54  0.04  30.82  2.28  74.03  0.16  18554.22 

P1 B bottom  1.58  30.10  0.02  30.80  2.43  78.91  0.16  19652.14 

P1 C bottom  1.58  27.97  0.01  28.23  2.37  83.79  0.15  20340.12 

P2 A bottom  0.94  23.86  0.01  24.22  2.36  97.51  0.15  13752.63 

P2 B bottom  0.94  25.90  0.04  26.93  2.38  88.44  0.16  13254.66 

P2 C bottom  0.94  25.83  0.02  26.30  2.35  89.17  0.15  12407.75 

P3 A bottom  0.91  23.02  0.04  23.87  1.99  83.18  0.14  10617.35 

P3 B bottom  0.91  22.57  0.10  24.98  2.18  87.22  0.01  947.50 

P3 C bottom  0.91  23.47  0.27  32.00  1.90  59.29  0.14  7267.70 

P4 A bottom  1.35  26.51  0.10  29.31  2.66  90.84  0.16  19114.24 

P4 B bottom  1.35  26.49  0.31  38.58  2.93  75.87  0.16  16025.55 

P4 C bottom  1.35  25.40  0.57  58.63  3.06  52.12  0.15  10194.34 

P5 A bottom  1.28  28.98  0.10  32.28  3.00  92.85  0.07  8551.78 

P5 C bottom  1.28  30.05  0.12  34.11  3.24  95.04  0.14  16594.69 

P1 C Ditch    26.46  0.01  26.65  6.87  257.71     

P1 32‐64 cm    29.09  0.00  29.22  2.82  96.58     

 
 
 
 
 



  
Table C3. Results from Caesium analysis at EBC and SLU. 

      
EBC  EBC  EBC  EBC  SLU  SLU  SLU  SLU 

  Density 
(dw) 
kg/dm3 

Fraction 
 of 
stones 
% 

Depth 
 
 
cm 

Weight 
of 
sample 
g 

Stone  
corrected 
dw 
g 

Bq/kg 
(dw) 
 

Bq/m2/part
 
 

Weight 
of 
sample
g 

Stone 
corrected 
dw 
g 

Bq/kg 
(dw) 
 

Bq/m2/part
 
 

Ref1 top  1.30  0.32  0.16 25.15 41.71 68.34 14162.01 70.50 37.12 ‐  ‐ 
Ref2 top  1.08  0.38  0.16 24.93 43.04 75.59 13067.61 67.09 40.44 ‐  ‐ 
Ref3 top  1.02  0.01  0.16 23.74 24.09 95.39 15567.35 63.02 24.10 ‐  ‐ 
P1 top  0.99  0.05  0.16 29.21 30.63 76.34 12060.47 75.58 30.62 ‐  ‐ 
P2 top  0.96  0.04  0.16 25.34 26.28 93.99 14398.94 67.63 26.28 ‐  ‐ 
P3 top  0.74  0.10  0.16 20.11 22.70 85.26 9927.99 53.71 22.41 3.32 394.65
P4 top  1.07  0.39  0.16 26.23 46.37 65.35 11200.37 68.51 43.08 0.75 128.54
P5 top  1.28  0.22  0.16 29.25 39.74 80.87 16294.73 75.41 37.28 1.24 248.51
Ref1 bottom  1.67  0.26  0.14 28.60 38.56 87.45 20554.31 76.19 38.40 ‐  ‐ 
Ref2 bottom  1.06  0.41  0.15 25.69 45.65 76.86 12238.03 67.60 43.63 NA*  ‐ 
Ref3 bottom  1.24  0.02  0.15 23.78 24.22 91.84 17415.84 63.62 24.21 ‐  ‐ 
P1 bottom  1.58  0.02  0.16 29.20 29.95 78.91 19515.50 73.78 29.94 1.14 282.13
P2 bottom  0.94  0.02  0.15 25.20 25.82 91.71 13138.35 66.73 25.81 NA*  ‐ 
P3 bottom  0.91  0.13  0.10 23.02 26.95 76.56 6277.52 61.79 26.55 ‐  ‐ 
P4 bottom  1.35  0.33  0.15 26.13 42.18 72.94 15111.37 67.98 38.73 NA*  ‐ 
P5 bottom  1.28  0.11  0.10 29.52 33.20 93.94 12573.23 51.26 33.19 NA*  ‐ 

• Not analysed 
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